for the attachment of centrosomes to the nucleus, there in a two-hybrid assay and is required for dynein localis evidence that dynein may be involved. Depletion of ization to the nuclear envelope. Loss of dynein function cytoplasmic dynein components partially disrupts the causes a low percentage of defective centrosome/ attachment in both Drosophila and C. elegans. Drosophnuclei interactions in both Drosophila and Caenorhabila embryos with reduced dynein function display a variditis elegans. We propose that dynein and ZYG-12 ety of phenotypes, including partially expressive centromove the centrosomes toward the nucleus, followed some attachment defects at the syncytial blastoderm by a ZYG-12/SUN-1-dependent anchorage.
and, like all other Hooks, is able to bind to itself. LocalizaThe range of phenotypes observed for zyg-12 mutants is a subset of those observed for loss of function of the tion of ZYG-12 to the centrosome requires microtubules. Localization of ZYG-12 to the nuclear envelope requires dynein heavy chain gene, dhc-1, and the dynein light intermediate chain gene, dli-1 (Gö nczy et al., 1999; the function of an additional centrosomal attachment gene, sun-1. In addition to its role in maintaining the attachYoder and Han, 2001). All three have detached centrosomes and a complete failure of pronuclear migration. ment between the centrosome and nucleus, ZYG-12 also localizes dynein to the nuclear envelope, where dynein
In addition, dhc-1 RNAi produces many phenotypes that are never seen in zyg-12 mutants, including meiotic demay act to bring the centrosome and nucleus into proximity. ZYG-12 then maintains the stable attachment fects, yolk granule movement defects, centrosome separation failure, and aberrant attachment of centrosomes of the nucleus and centrosome via a dynein-independent mechanism.
to the cell cortex (data not shown). Since zyg-12 is involved in the attachment of centrosomes to the nucleus in the wild-type, we determined if zyg-12 is required Results for the aberrant cortical attachment of centrosomes in dhc-1 RNAi embryos. dhc-1 RNAi, zyg-12(ct350) emzyg-12 Is Required for the Attachment bryos raised at the nonpermissive temperature have of Centrosomes and Nuclei centrosomes that are still attached to the cortex indicat-C. elegans centrosomes closely associate with the nuing that zyg-12 is not required for this aberrant cortical clear envelope within one minute of nuclear envelope attachment (n ϭ 5). reformation and remain there during interphase (Keating and White, 1998) . Using differential interference microscopy (DIC), we found that a previously isolated temperaCentrosomes Are Normal Except for Attachment Defect ture-sensitive mutant, zyg-12(ct350), was defective in this attachment ( Figures 1A-1L Figures 1F and 1I ). Both mutations are recessive, temperature sensitive, and display a strict maternal effect identical by electron microscopy: both were clear of cytoplasmic granules, had microtubules associated with (data not shown) (Wood et al., 1980) . Phenotypic analyses of zyg-12 mutations over a deficiency, zyg-12 RNAi, the periphery, and had normal centrioles ( Figures 1U and  1V ). Given that zyg-12 mutant embryos are otherwise and zyg-12 RNAi in a zyg-12 mutant background gave similar phenotypes, consistent with these defects being normal, we conclude that zyg-12 is specifically required for the attachment of the centrosome and nucleus. strong loss-of-function phenotypes ( Figures 1J-1L ). DIC imaging of both mutations revealed defects not only in To investigate which aspects of the mutant phenotypes cause the embryonic lethality, we observed spinthe attachment of centrosomes and nuclei, but also in pronuclear migration in 100% of embryos observed (n Ͼ dle dynamics in zyg-12 mutants using timelapse imaging of ␤-tubulin::GFP, HIS-11::GFP (a GFP-tagged histone 50) ( Figures 1E-1G and 1I) . Additionally, nuclei are mispositioned within the cell (Figures 1F and 1H ). These protein) expressing embryos ( Figure 1P ). At the onset of anaphase in wild-type embryos, two chromatin masses embryos also had attachment and positioning defects in later cell cycles (n Ͼ 50). Embryos raised at a permissive moved toward the opposite poles of the spindle ( Figure  1P ). In zyg-12 mutant embryos, the spindle often incortemperature and transferred to the nonpermissive temperature were aberrant in both centrosome attachment porated the chromatin from only one pronucleus (see Supplemental Movie S2 on Cell website). During anaand nuclear positioning within one minute of the shift, suggesting a continued requirement for zyg-12, not just phase, this resulted in disorganized chromosome alignment, ultimately producing segregation defects (Figure an initial requirement during the first cell cycle (n ϭ 10). zyg-12 mutant embryos are otherwise quite normal. For 1T), which probably explains the lethality of zyg-12 mutants. Segregation defects caused by mutations in other example, cytokinesis and segregation of early polarity markers occurred normally ( Figure 1H To determine if the lethality is due specifically to the even though these organelles were often in quite different regions of the cell, implying that close association pronuclear migration defects, zyg-12 embryos were shifted at the two or four cell stage, when pronuclear of the centrosome and nucleus is not required for these processes in C. elegans (see Supplemental Movie S1 at migration is already complete. Nine of ten zyg-12(ct350) embryos shifted at the two cell or four cell stage failed http://www.cell.com/cgi/content/full/115/7/825/DC1; data not shown).
to hatch, while only 3 of 20 wild-type embryos failed to hatch, indicating that the embryonic lethality exhibited Microtubules Are Required for the Attachment of the Centrosome and Nucleus by zyg-12 mutant embryos is not due specifically to pronuclear migration defects and is likely due to aberWe next investigated whether microtubules are required for the attachment between the centrosome and nurant chromosomal congression and segregation. cleus. Complete disruption of C. elegans embryonic mi-3A). Expression of the genomic fragment encoding the ZK546.1 open reading frame under the control of a hetercrotubules using drugs such as nocodazole has proven ologous promoter rescued the centrosome attachment difficult to achieve (Hyman and White, 1987). To overdefects of both zyg-12(ct350) and zyg-12(or577). Addicome these experimental difficulties, we used RNAi to tionally, single missense mutations were found in disrupt microtubules, using sequence from the ␣-tubulin ZK546.1 in both zyg-12(ct350) (A to C at position ϩ131 tba-2, which would be predicted to deplete both tba-1 of the transcripts) and zyg-12(or577) (A to C at and tba-2, the two ␣-tubulins expressed in the embryo position ϩ1100 of the transcripts). Taken individually and ZYG-12B,C::GFP together. Neither of these constructs was able to rescue the embryonic mu-ZYG-12 Localizes to the Nuclear Envelope and Centrosomes tant phenotypes, indicating that all isoforms, or at least a combination of A and B or A and C, are required in To determine the localization of ZYG-12, we expressed ZYG-12 isoforms tagged with GFP and raised antibodies the early embryo. ZYG-12A,B,C::GFP localized to the nuclear envelope to ZYG-12. The GFP reporters were expressed using a vestigate the localization of the endogenous ZYG-12. ZYG-12 localized to both the centrosome and nuclear envelope in a pattern identical to that seen with ZYG-12A,B,C::GFP ( Figure 4G ). The predicted transmembrane domains of ZYG-12B and C suggest that the localization to the nucleus may be as an integral nuclear envelope protein. Given that ZYG-12A::GFP, which does not contain a predicted transmembrane domain, does not rescue the mutant phenotypes, the predicted transmembrane domain of ZYG-12B and C may be functionally important.
Given that ZYG-12 isoforms contain a region with similarity to the microtubule binding domain of other Hook proteins and that ZYG-12 isoforms can localize to the centrosome, a microtubule organizing structure, we wanted to determine if ZYG-12 localization is dependent on the presence of microtubules (Walenta et al., 2001 ). When we depleted microtubules via tba-2 RNAi, we observed that centrosomal localization of ZYG-12A,B,C::GFP was lost although the nuclear envelope localization was completely normal (Figures 2A, 2B , and 4H).These data are consistent with localization of ZYG-12 to the centrosome arising by direct or indirect binding of ZYG-12 to microtubules.
sun-1 Is Required for Centrosomal Attachment and the Localization of ZYG-12 to the Nuclear Envelope
We found an additional gene, sun-1, with zyg-12-like Figures 4C and 4D) .
Expression of ZYG-12B,C::GFP resulted in localization
To investigate the role of SUN-1 in the mechanism of centrosomal attachment, we tested the effect of sun-1 to both the nuclear envelope and centrosomes ( Figures  4E and 4F) . Expression of either ZYG-12B::GFP or ZYGRNAi on ZYG-12 localization. We assayed strains that expressed all three ZYG-12 isoforms tagged with GFP 12C::GFP alone resulted in identical localization as ZYG-12B,C::GFP (Figures 4E, 4F, and 5C; data not shown) .
or just ZYG-12C::GFP, which contains a putative transmembrane domain. Using either strain, ZYG-12 localizaWe raised polyclonal antibodies against ZYG-12 to in- Figure 6A ). localize to both organelles, a simple mechanism for the This is the same domain that binds microtubules in attachment could be homodimerization of ZYG-12. This both Drosophila and mammalian Hook proteins. zygseems possible, given that all human Hook proteins are 12(ct350), which maps to the DLI-1 binding domain, able to homodimerize (Walenta et al., 2001 ). We used a confers temperature sensitivity to the two-hybrid intertwo-hybrid assay to test this hypothesis. The ZYG-12A action ( Figure 6A ). Although zyg-12(or577) does not afisoform was used in these experiments because it lacks fect the ability of ZYG-12 to bind DLI-1 in vitro, it disrupts the C-terminal predicted transmembrane domain of the the ability of ZYG-12 to interact with itself in the two-ZYG-12B and ZYG-12C, making it more amenable to hybrid assay, which may explain the strong loss-of-functwo-hybrid analysis. Full-length ZYG-12A was able to tion phenotype of this allele. bind to itself in the assay. By analyzing deletions, this interaction domain was mapped to the central coiledcoil domain ( Figure 6A) . We tested the effect of introduc-ZYG-12 Is Required for the Localization of DHC-1 to the Nuclear Envelope ing both the ct350 and or577 mutations into both the bait and prey constructs and assayed binding. Mutant
To determine whether the physical interaction between ZYG-12 and the DLI-1 seen in the two-hybrid assay may proteins were temperature sensitive for the binding assay, consistent with the interaction having physiologibe functionally important, we asked whether ZYG-12 or the dynein complex is required for the localization of cal relevance. To investigate if ZYG-12 can interact with itself in vivo, we immunoprecipated GFP-tagged ZYG-12 the other. DHC-1, the dynein heavy chain component of the dynein complex, localizes to the nuclear envelope using a GFP-specific antibody. Probing the immunoprecipated material with ZYG-12 antiserum demonstrated as well as the cytoplasm and other structures (Gö nczy et al., 1999). Given that ZYG-12 also localized to the that nontagged endogenous ZYG-12 was pulled down with the tagged protein, consistent with dimerization in nuclear envelope, it seemed possible for a physical interaction between ZYG-12 and DLI-1 to be involved in the vivo ( Figure 6B) .
Using a two-hybrid screen, we identified additional localization of these proteins. Using DHC-1 antibodies, we determined that DHC-1 did not localize to the nuclear proteins that can bind ZYG-12A. Of particular interest were two independent clones encoding either full-length envelope in zyg-12(ct350) mutant embryos (Figures 7A both localized to the nuclear envelope and cytoplasm in wild-type embryos but not to the nuclear envelope in zyg-12 RNAi embryos ( Figures 7E-7H ). Both LIS-1::GFP attachment between these organelles. The disassociated centrosomes cause a failure in pronuclear migraand ARP-1::GFP localization is dynein dependent (data not shown). In contrast, localization of ZYG-12A,B,C::GFP tion in the one cell embryo and mispositioning of nuclei and centrosomes during all early cell cycles, which gives was normal in a dhc-1 RNAi embryo (Figures 7I and 7J) . We propose that ZYG-12 independently localizes to the rise to defective congression and segregation. The DNA segregation defects result in aneuploidy, which has nuclear envelope where it recruits dynein possibly via The DHC-1 antibody was obtained from P. Gö nczy. Antibody staining of embryos and extruded gonads was performed by methanol fixation followed by staining with a 1:100 dilution of anti-DHC-1 (Gö nczy et al., 1999) or a 1:500 dilution of anti-ZYG-12 (see below) . Confocal images were obtained using a Bio-Rad MRC1204.
Whole young adult worms containing embryos were prepared for electron microscopy by high-pressure freezing followed by freeze substitution (McDonald, 1999) . The substitution was carried out in two stages, incubating in the primary medium for 68 hr at Ϫ90ЊC, warming to Ϫ60ЊC, rinsing and replacing with the secondary medium for an additional 26 hr as the samples were slowly warmed to 0ЊC. The primary medium was 2% glutaraldehyde dissolved in 98% Acetone/2% water. The secondary medium was 2% osmium tetroxide dissolved in 98% acetone/2% water (Walther and Ziegler, 2002). Serial longitudinal sections 65 nm thick were collected and stained with saturated aqueous uranyl acetate followed by 0.4% lead citrate. Imaging was performed on a Phillips CM 120 at 80 Kv to visualize early embryonic centrosomes. and Fire, 1998). Injection of double-stranded RNAi synthesized in elegans embryos due to the fact that centrosomes are typically vitro from zyg-12 cDNA template caused identical phenotypes as adjacent to nuclei while the nuclear envelope forms. the feeding RNAi of zyg-12 (data not shown). The severe microtubule (B) In a dynein-independent mechanism, ZYG-12 mediates the atdepletion seen in tba-2 RNAi, ␤-tubulin::GFP strains may be caused tachment of the centrosome and nucleus. ZYG-12 isoforms are loby a cumulative effect of destabilizing microtubules through the calized to the nuclear envelope as integral membrane proteins in a addition of a GFP tag to the ␤-tubulin and depleting the ␣-tubulins SUN-1-dependent manner. ZYG-12 also localizes to the centrosome ( Figure 2B ). Rescue of zyg-12(ct350) and zyg-12(or577) was pervia a microtubule-dependent mechanism. Localizing to both organformed in strains in which the zyg-12 chromosome was marked with elles, ZYG-12 may directly mediate the attachment via its ability to the closely linked recessive mutation dpy-10(e128) to confirm that homodimerize. The position of ZYG-12 and SUN-1 with regards the strain was homozygous for the zyg-12 mutant chromosome. to the specific membranes of the nuclear envelope remains to be After assaying rescue, the strain was outcrossed to confirm the addressed, so we do not specify individual membranes in the dipresence of the zyg-12 mutation. agram. Figure 2D were at different focal planes.
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